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摘要 
摘要 
水体富营养化威胁着区域及至全球范围内的饮用水安全，其发展趋势至今未
呈缓和迹象。影响水体富营养化的因素相对较复杂，河流的水文水动力学特征以
及特有的形态结构、流域特征与湖泊有较大差别，并且湖泊研究成果难以直接应
用到河流的富营养化研究。在我国，南方河流由于梯级电站开发所致的河流湖库
化现象也愈发严重，因此，针对河流、湖泊水体富营养化问题的差异性研究很有
必要，可为区域饮用水安全和流域水体富营养化治理管理提供科技支撑。 
本研究采用现场水质调查监测分析、多元统计分析，基于 2013年 8月份-2014
年 12月份九龙江以及汀溪、石兜-坂头、江东库区的水质监测数据，探究九龙江
和水库系统浮游植物营养盐限制性的差异性，所取得的主要结论如下： 
九龙江和水库水环境因子和浮游植物均呈现明显的时空动态变化特征。九龙
江水环境因子整体上干流浓度大于支流，与水库相比，九龙江大于水库。九龙江
和水库的 N大体呈现夏秋季节较低，冬春季节较高；P则大体呈现相反趋势。九
龙江藻类丰度整体上呈现支流大于干流，20条支流中龙津溪的藻类丰度最大，
干流支流整体上呈现冬春季节高于夏秋季节；水库与九龙江相比，水库远大于九
龙江，且水库夏季藻类丰度值最高。九龙江和水库不同的地区在不同的季节呈现
不同的群落结构。九龙江四季的优势藻为绿藻，汀溪水库秋冬春季节的优势藻为
硅藻，夏季的优势藻为绿藻，石兜坂头水库四季的优势藻为蓝藻，江东库区夏秋
季节的优势藻为绿藻-蓝藻，冬春季节的优势藻为绿藻-隐藻。 
九龙江和水库水环境因子与浮游植物之间的相关性差异较大。九龙江支流浮
游植物生长显著性影响因子为浊度，冬季和春季，浮游植物与水环境因子的相关
性较强，而秋季和夏季，大多数浮游植物与水环境因子的相关性较弱。九龙江干
流浮游植物与水环境因子之间并没有呈现季节规律性变化，春季浮游植物与营养
盐的相关性较好。水库四个季节浮游植物和水环境因子的关系都比较好，并且整
体上裸藻、甲藻、隐藻与水环境因子氮磷营养盐的相关性比较好，每个水库影响
其优势藻生长的主要水环境因子亦不同。 
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作为九龙江的嵌套库区，江东库区兼具河流与水库的双重特性。江东库区的
藻类丰度特征与九龙江不同，大体已接近水库的藻类丰度特征，表现出水库特性。
而与其他三个水库相比，江东库区浮游植物与水环境因子的相关性较弱，与九龙
江相同，表现出河流特性。 
对于浮游植物营养盐限制性，九龙江和水库存在较大的差异。九龙江 Chl-a
与氮磷营养盐之间的相关关系季节性变化规律不明显，只有冬季和春季的皮尔逊
相关关系显著。而水库则与九龙江的差异较大，水库 Chl-a与营养盐之间的相关
性明显要好于九龙江，并且相关关系季节性变化规律明显，浮游植物生长的限制
性营养盐呈现季节性变化。夏秋季节，水体营养盐氮的浓度较低，营养盐磷的浓
度较高，TN/TP比值较低，Chl-a与 TN相关关系较好，水体藻类生长的限制性
营养盐为氮；冬春季节则刚好相反，水体营养盐氮的浓度较高，营养盐磷的浓度
较低，TN/TP比值较高，Chl-a与 TP的相关关系较好，水体藻类生长的限制性
营养盐为磷。 
关键词：水体富营养化；河流-水库系统；营养盐控制；季节性变化；藻类 
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Abstract 
Abstract 
Eutrophication threatens the safety of drinking water regionally or globaly. Its 
developing tendency has not shown any signs of alleviation. The influencing factors 
of eutrophication are relatively complex considering the differenciation of the 
dynamic characteristics, the morphological structure between rivers and 
lakes/reservoirs. At the same time, the results of researches on lake/reservoirs can not 
be directly applied to the study of eutrophication in rivers. In our country, due to the 
development of cascade hydropower stations, cascade lake/reservoirs tend to increase 
in China. For the abovementioned reasons, it is necessary to investigate the 
phenomenon of eutrophication between rivers and lakes/reservoirs when we consider 
many complicated factors, especially for intensive cascade dam development in rivers, 
south China. This study can also provide scientific support for regional drinking water 
secrurity and eutrophication control in receiving waters. 
In-situ monitoring, GIS and statistical analysis were coupled in this study to 
identify the spatiotemporal variations of nutrients & phytoplankton abundance and 
community structure, the differentiation of nitrogen & phosphorus limitation of 
phytoplankton growth, and the seasonal variations in nutrient limitation of 
phytoplankton growth. The major conclusions are as follows: 
The water quality parameters and phytoplankton showed obvious spatiotemporal 
variations in both Jiulong River and reservoirs. For all monitored water parameters, 
the concentrations were higher in main stream than that in branches of Jiulong River, 
and were higher in Jiulong River compared with reservoirs. For both Jiulong River 
and four reservoirs, the concentration of nitrogen was higher in winter and springbut 
lower in summer and autumn.However, the concentration of phosphorus showed its 
opposite trend.The abundance of phytoplankton was higher in branches than that in 
main stream, with the highest value in Longjin stream. It was higher in winter and 
spring but lower in summer and autumn summer in Jiulong River. The abundance was 
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Abstract 
highest in summer in reservoirs. Generally, the abundance was higer in reservoir than 
that in Jiuloing River. The community of phytopkanton showed obvious variation.the 
main trend in the succession of phytoplankton was from Bacillariophyta in autumn, 
winter and spring to Chlorophyta in summer in Tingxi reservoir, from 
Chlorophyta-Cryptophyta in winter and spring to Chlorophyta-Cyanophyta in summer 
and autumn in Jiangdong reservoir. No obvious trend exhibited in phytoplankton 
succession in Shidou-Bantou reservoir and Jiulong River. The dominant community 
was Cyanophytaand Chlorophyta respectively. 
According to statistical analysis, the correlation between water parameters and 
phytoplankton was different in Jiulong River and reservoirs. In the branches of 
Jiulong River, the significant water quality parameter which is correlated 
phytoplancton’s growth was turbidity. The correlation was closer    in   winter 
and spring than that in autumn and summer. In the main stream of Jiulong River, 
seasonal variation of the correlation between water quality parameters and 
phytoplankton was not obvious. The correlation was closer in spring than that in the 
other three seasons. In reservoirs, the correlation was close in all seasons generally. 
The significant water quality parameter that correlated Euglenophyta, Dinophyta and 
Cryptophyta was nutrient. The main water parameter that correlated phytoplancton’s 
growth was different in different reservoir. 
Jiangdong reservoir showed both characteristic of river and reservoir as 
correlated with Jiulong River. The characteristic of phytoplankton abundance in 
Jiangdong reservoir was the same with reservoir. The characteristic of correlation 
between water quality parameters and phytoplankton in Jiangdong reservoir was the 
same with river.  
The nutrient limitation was different between Jiulong River and reservoir. In 
Jiulong River, the seasonal variation of the correlation between Chl-a and nutrients 
was not apparent. It was apparent in reservoir. Meanwhile, the correlation was more 
significant in reservoir than Jiulong River. The nutrients limitation showed seasonal 
variation. In summer and autumn, N was the limitation for phytoplankton  
considering the low concentration of N, and high concentration P. What’s more, 
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Abstract 
TN/TP was low, and the correlation was significant between Chl-a and TN. However, 
the phenomenon was oppsite in winter and spring. 
Key words: Eutrophicaton; River-reservoir system; Nutrient limitation; Seasonal 
variation; Phytoplankton.
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第 1章 绪论 
第 1章 绪论 
1.1 研究背景 
随着人口数量的剧增，人们面临着众多的环境问题，特别突出的是水资源问
题。近几十年来，在全球变化与人类活动干扰下，来自流域点源、非点源的氮、
磷营养盐污染负荷日益增加，影响受纳水体的水质（Carpenter et al., 1998; Correll, 
1998），所以不仅仅是湖泊、水库，河流湖库化现象带来的水体富营养化现象都
在逐渐引起诸多学者的关注。在合适的气象水文条件下，富营养化的水体会产生
水华（Howarth, 2008），这严重破坏水环境生态平衡，并且严重影响城市供水和
饮用水安全。 
目前，水体富营养化已经成为河流湖泊水体污染突出的一个环境热点问题，
并且显示出在未来无法缓和的趋势（Conley et al., 2009; Vonlanthen et al., 2012; 
Zhao et al., 2013; Schneider et al., 2013）。针对当前水环境问题日益严重的现状，
2015年 4月 16日国务院正式发布《水污染防治行动计划》（简称“水十条”，这
是当前和今后一段时间全国水污染防治工作的行动指南）其中的第八条“全力保
障水生态环境安全”，即涉及保障饮用水源地安全，加强良好水体保护等。 
水体富营养化常发生于湖泊水库，其营养盐与藻类生物量的关系研究相对来
说比较成熟（Canfield, 1983; Vollenweider, 1968）。当今全球有 75%的湖泊水库存
在水体富营养化（Eedman, 2002），在美国，几乎一半以上的受损湖泊处于富营
养化状态（USEPA, 1996），我国有 66 %以上的湖泊、水库处于富营养化状态，
其中重富营养和超富营养的占 22 %（李静会等， 2007），蓝藻水华的湖泊占 80 %。 
流动的河流处于开放状态，有较强的纳污能力，营养盐不太容易富集，相比
起湖泊，理论上没那么容易发生水水华，水体富营养化在流动的自然河流中与湖
泊、水库相比也较少报道，且营养盐与藻类生物量的关系并不是很明确（Hilton et 
al., 2006; Van Nieuwenhuyse and Jones, 1996）。但是河流水体富营养化近来也逐渐
成为热点问题，特别是随着人类对河流水资源的开发利用，修筑了大量的水利工
程，造成过度梯级开发，使自然河流转变为半天然河流或人工控制的河流，改变
了河道原有的水文与水动力条件，导致湖库化河流的富营养化问题非常突出。河
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